Abstract-A photonic crystal based on a macroporous silicon structure has been fabricated and successfully used for the detection of carbon dioxide. In this paper, the device and the measurement results are presented. The sensing device here described uses an optical approach to the detection of the gas. The use of a photonic crystal allows creating a compact device working in the medium infrared spectral range. A 700 nm square lattice macroporous structure was fabricated by electrochemical etching, creating a photonic gap centered at the 4.2 µm, a CO2 absorption line. The obtained results rely only on the absorption spectra measurement.
I. INTRODUCTION
Gas sensing, detection and quantification can be done employing a broad variety of techniques [1] - [3] . Commercial sensing devices, depending on their application, have several requirements on size, portability, sensitivity and selectivity. Commonly found for commercial applications are sensors based on metallic oxides or polymers. Though these type of sensors fulfil the first two premises, these are somewhat lacking in other aspects such as selectivity or response time. Furthermore, some kinds of sensors can have a high power demand, and may suffer degradation, either from aging, or contamination. On the other hand, optical sensing devices usually have good sensitivity and excellent selectivity coupled with fast response times, but often are laboratory grade equipment. Recently, compact devices based on the measurement of an optical property have been described [4] ; other works [5] - [7] propose the use of macroporous silicon (MPS) for gas sensing.
In this work we use a photonic crystal (PC) made from a macroporous silicon sample to filter and select an appropriate absorption line of a gas. In particular, we have tuned the crystal to have a bandgap peak centered on the 4.2 µm region corresponding to a resonance of carbon dioxide (CO2). Using a broadband light source, such as an LED or a thermal radiator, shone to the PC, it is possible to filter out the unwanted spectrum and keep only the region corresponding to the gas absorption band. Looking the change in the peak amplitude after passing through a layer of gas, it is possible to determine its concentration. This sensor works by detecting the change in reflectance, as an indirect measure of absorbance.
II. FABRICATION AND EXPERIMENTAL

A. Macroporous Silicon
The macroporous silicon PC structures used in this work, were fabricated using the light assisted electrochemical etching technique (EE) for silicon described in [8] , [9] . The steps are briefly outlined here. To obtain ordered MPS, n-type wafers with 100 crystallinity, were initially patterned using nanoimprint lithography (NIL) using a regular square pattern of dots spaced 700 nm apart. This pattern serves as the starting point for pore growth. The patterned wafers were afterwards Fig. 1 . SEM image of the sample. This sample has increased porosity. Soft modulation and periodicity variability can be observed.
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KBr window Sample IR beam Gas outlet etched in a hydrofluoric acid bath. Back-side IR illumination was used to control pore growth. The pore profile was programmed to be quasi-sinusoidal by modulating both the IR light and the cell voltage. The mean diameter of the pores was set to 500 nm with a z-axis periodicity about one micrometer.
The use of ordered MPS is essential to obtain a clear photonic response, as it gives rise to forbidden propagation bands in the crystals, which are used to create sharp optical filters [10] , [11] .
B. Design and Characterization
Structure design and bandgap engineering was done previous to MPS fabrication. The plane wave expansion method was employed to extract the ideal crystal band structure and determine the needed geometrical parameters such as vertical pitch and pore diameter.
The fabricated MPS structures were morphologically characterized by SEM imaging. Structure dimensions and geometry variability have been evaluated.
The structures where later optically characterized by FT-IR reflectance measurement in the MIR range from 2 µm to 20 µm at a 13° incidence angle. A reflection peak is sought in the 4.2 µm CO2 absorption line. Measures are normalized to a gold mirror reference and a 1 mm aperture.
Afterwards the sample was placed in an enclosed cell (schematically shown in Fig. 2 ) through which CO 2 flows at different concentrations. Reflectance was measured at normal incidence through a potassium bromide window separated by 0.5 mm from the sample. Measurements were taken with a 50 µm × 50 µm aperture and a 128 averaging factor.
III. RESULTS AND DISCUSSION
The theoretical band structure of the crystals was obtained by simulation of the approximate PC structures using the plane wave expansion method. These simulations were used for the initial geometry adjustment, in order to obtain a photonic bandgap at the CO 2 absorption line in the 4.2 µm wavelength, for normal propagation (along the z axis). From the theoretical analysis it was obtained that a gap also exists for the in-plane propagation at this frequency, but it has little effect for quasinormal incidence.
Several MPS structures were fabricated by EE. Pores were grown vertically and arranged in a square lattice of 700 nm pitch. Pores are modulated in depth to allow for quasi-normal light incidence. The choice of modulation is critical to obtain a good photonic bandgap with sharp edges and large discrimination. As can be found in the literature, the best gaps are obtained for spherical shapes, and in particular, for closed packed structures such as colloidal crystals. For MpS this is best achieved using a strong modulation. Pore depth is about 25 µm which is enough to reflect almost all light.
As it was revealed after structural analysis by SEM inspection of the fabricated structures, the obtained geometries are not perfect. It was found, as can be seen in Fig. 1 , that the structure has a certain amount of geometry variation pore-topore and in-pore. This is especially evident in the wall thickness between pores. This variability is due to the complex control of the electrochemical fabrication step, as parameters are critical. This has an effect on the optical response as it will be later revealed. Nevertheless, as the optical measures show, the obtained structures are good enough to obtain a clear peak at the desired wavelength. Work has been done to improve the structural quality, but at present progress has been small.
After fabrication the samples were initially evaluated by extracting their reflectance spectral response at quasi-normal incidence using a FT-IR system. Some samples with strong modulation were able to achieve a sharp reflectance peak up to 90%, though, unfortunately, out of the acceptable wavelength range. This was evaluated to be an effect of insufficient porosity and fabrication tolerances, as fabrication control is still an unresolved issue.
The sample used for this work was prepared with higher porosity. For this sample, the gap peak is positioned at the desired frequency, as is shown in Fig. 3 . Nevertheless, as already indicated, the PC structure quality is worse overall, which is evidenced with a broader and lower peak, with only a 30% reflectance. This correlates with the earlier SEM analysis. Though structure irregularities create light scattering and weakened resonances, nevertheless, the obtained bandgap is clear enough to allow the detection of the presence of carbon dioxide.
This sample was then measured in a gas chamber using a mass-flow control system to test several gas concentrations. Nitrogen was used as a carrier while pure CO2 was added in controlled amounts. A constant flow of 400 sccm was used along all the measurements. This setup was measured using a normal incidence FT-IR and the reflectance spectra was obtained for different CO 2 concentrations. A reference reflectivity spectrum was initially taken with the sample in a pure N2 atmosphere. Afterwards the absorbance is calculated by referencing all measures to this one. Concentrations from 5%, to 50% were tested and the absorbance results plotted in Fig. 4 . The expected behaviour can be observed in the graph, with absorbance growing with increased CO 2 concentration.
To determine gas concentration, the total spectral power is taken by integrating the full absorption spectrum. The results are shown in Fig. 5 . Several features stand out from this response. It can be observed two almost linear response ranges for medium and high concentrations, while a clear non-linear behaviour is seen for the low concentrations. According to the Beer-Lambert law, one should expect an exponential-like evolution of absorption with an increasing concentration, which is not seen in this case. This may be explained by the effect of the gas in the photonic response of the PC or some kind of saturation. This has not been fully investigated yet. Nevertheless, a clear response is obtained for medium to high concentrations and work is being done to measure at the low range.
IV. CONCLUSION
Gas sensing compact devices based on macroporous silicon photonic crystals have been successfully fabricated and measured, showing a photonic bandgap at the 4.2 µm absorption line of CO 2 . They were tested for several gas concentrations and the absorbance spectra was obtained, showing a clear relationship of concentration with absorption. In this work it is shown that good sensitivity can be obtained for medium to large concentrations of carbon dioxide. Further work needs to be done to improve fabrication variability and improve the optical properties of fabricated structures.
Additionally, using this kind of material opens the possibility of having very small integrated systems, as a very small area is needed to perform the detection. Finally, these sensors may be integrated directly on chip, reducing overall system cost. 
